INTRODUCTION
Native perennial grasslands are an important, botanically diverse component of the Australian environment (Lodge & Garden 2000) , providing important ecosystem services, such as the prevention of soil erosion and the provision of forage for grazing stock ). Other grasslands have been 'improved' through fertilisation and irrigation, and sown with introduced species, including legumes ('sown pastures'). Management inputs increase the quantity and quality of the pasture, and thereby the economic value of the land ). Both native perennial and sown pastures are likely to be impacted by changes in climate and atmospheric concentrations of carbon dioxide ([CO 2 ] ). This may occur through physiological impacts on plant species within them (Drake et al. 1997 , Ainsworth & Long 2005 and through impacts on soil re-ABSTRACT: Native perennial grass and sown grass-legume pastures are an important agricultural and environmental resource. We investigated the impact of rising carbon dioxide concentration ([CO 2 ]) and projected climate changes on these pasture ecosystems in southeastern Tasmania, Australia, using a biophysical simulation model, EcoMod. The model consists of interdependent modules that describe soil physicochemical and hydrological characteristics, and pasture growth and senescence, with fluxes described by empirical and mechanistic equations. Our simulations showed that in native pastures, projected climate change increased the biomass of C 4 grasses, with limited impact upon C 3 grasses, a trend reversed by rising [CO 2 ]. In sown pastures, projected climate change decreased the biomass of perennial rye grass Lolium perenne and total biomass markedly by 2070, whilst subterranean clover Trifolium subterraneum biomass increased. Subterranean clover biomass changed little with increased [CO 2 ] alone, whereas perennial rye grass biomass increased. Responses across pastures reflected species' tolerances to environmental factors, with projected climate change generally having more of an impact on biomass than rising [CO 2 ]. Changes in both [CO 2 ] and climate led to a reduction in protein content and digestibility. Soil inorganic nutrient concentrations decreased with increasing [CO 2 ] and increased with projected climate change. Further simulations should investigate whether these patterns are robust for different sites and alternative environmental futures. Our results reinforce the need to pursue adaptation strategies in response to environmental change in order to maintain productive pasture ecosystems.
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Resale or republication not permitted without written consent of the publisher source availability, for water (Nowak et al. 2004 ) and nutrients ). Actions occur directly -for instance, increasing temperature decreases water availability via increased evaporation -or indirectly, through changes in plant species composition influencing such factors as demand for water and nutrients (Suding et al. 2008) . Changes have been demonstrated by manipulative experiments (Dukes et al. 2005 , Hovenden et al. 2008 ; however, experimental sites can only provide a limited, site-specific insight into the potential effects of global changes (Norby & Luo 2004) . Simulation models provide an avenue through which myriad impacts can be explored over longer timescales at many sites (Riedo et al. 2001 , Lazzarotto et al. 2010 ).
Here we used a detailed biophysical pasture simulation model (EcoMod; Johnson et al. 2003 Johnson et al. , 2008 to forecast potential future states of grasslands in southeastern Tasmania. EcoMod uses simple empirical and mechanistic equations based on generally accepted biophysical relationships to describe processes within the pasture system, and is the only model, to our knowledge, that attempts to integrate all facets of the pasture system: soil water, soil nutrients, animal metabolism, pasture management and plant growth. It has been extensively tested against a range of pasture systems and processes across Australia and New Zealand (Cullen et al. 2008b , Johnson et al. 2008 . We concentrated on naturally senescing and cut pastures (with return of litter), consisting of native perennial grass, or sown annual legume and perennial grass species. We asked what potential impacts projected changes in climate and [CO 2 ] will have on these pastures at 2 future instants in time. Our aim was to show how generic systems could potentially respond, in terms of species biomass, composition and soil nutrient dynamics, to changes in climate and [CO 2 ], both singly and in combination. In our assessment of responses, we also examined the relative composition of the pasture in relation to its total biomass.
MODEL DESCRIPTION
EcoMod version 4.7.6 is a biophysical pasture simulation model that includes growth of multiple plant species, soil water and nutrient dynamics, animal intake and metabolism, and a range of management options (Johnson et al. 2008) . It is amongst a suite of models, including the SGS Pasture Model (Johnson et al. 2003) and DairyMod (Johnson et al. 2008) , that integrates all of the above facets of a pasture ecosystem. Simulations have been extensively tested against a range of systems in Australia and New Zealand (McCaskill et al. 2003 , Sanford et al. 2003 , Cullen et al. 2008b , Johnson et al. 2008 . This testing has included accurate representations of water balance and deep drainage , pasture growth, senescence and herbage accumulation (Sanford et al. 2003 , Cullen et al. 2008b , Johnson et al. 2008 , inorganic nutrient leaching, particularly in native perennial pastures (McCaskill et al. 2003) , and the representation of nitrous oxides emissions (Eckard et al. 2006) . The model explained 85% of variation in annual herbage accumulation data for both native and sown pastures, when comparing 5 yr of experimental data with 31 yr of climate data, given observed annual rainfall. In particular, it accurately simulated the difference in herbage accumulation between sites due to their different environmental characteristics (Sanford et al. 2003) . Most recently, EcoMod has described intra-annual pasture dynamics across New Zealand and Australia, where it has shown the capacity to simulate pasture growth rates and annual yields across a range of climatic zones and different species, over varying numbers of years of climate data (Cullen et al. 2008b , Johnson et al. 2008 . The model has also been used for detailed drought analysis (Lodge & Johnson 2008a,b) .
The model has modules for pasture growth in response to climate and nutrient constraints and pasture utilisation by grazers; animal physiology; and water and nutrient dynamics. Detailed descriptions of all of these modules and the mathematical formulations therein can be found at www.imj.com.au/ consultancy/wfsat/wfsat.html. In brief, pasture management options can be implemented, including cutting, irrigation and fertiliser application. Daily climate and atmospheric data drive the model: rainfall, minimum and maximum temperature and relative humidity, average windspeed, incoming solar radiation, vapour pressure and atmospheric [CO 2 ].
Pasture growth is calculated from canopy photosynthesis, scaling up from the leaf level where photosynthesis responds to irradiance using a non-rectangular hyperbola (Cannell & Thornley 1998b ), adjusted to allow for the influence of soil water and nutrient status. Such an approach has been used by others (Cannell & Thornley 1998a , Wu & McGechan 1998 , Riedo et al. 1999 , although alternatives exist, such as the Farquhar-von Caemmerer-Berry (FvCB) scheme (e.g. Coughenour & Chen 1997 , Zhou et al. 2008 . Our description of photosynthesis is focused firmly at the canopy level and thus the FvCB model, although widely used, does not suit our purposes. FvCB uses Michaelis-Menten kinetics in response to sub-stomatal CO 2 concentration and therefore must be combined with a stomatal conductance model, which gives greater complexity than we regard as appropriate. Also, the treatment of temperature response is, in our view, impractical for an eco-or agricultural-system model. In our scheme, temperature influences photosynthesis such that C 3 species peak at some optimum between a temperature minimum and maximum. C 4 species continue to photosynthesise at high temperatures given their ability to avoid photorespiration. Extreme cold and heat also prevent growth. Temperature, soil water and nutrient impacts in limiting growth can be understood with reference to their growth limiting factors (GLFs), which are defined as actual/ potential with reference to the variable of interest; 0 means completely limited, and 1 indicates no limitation to growth. Thus, water limitation is actual evapotranspiration divided by potential evapotranspiration. Potential growth is scaled back according to these factors, as explained in the model documentation.
The specific impacts of elevated [CO 2 ] on plant physiology were discussed fully by Cullen et al. (2009) . In brief, as [CO 2 ] rises, the light-saturated rate of leaf photosynthesis is assumed to respond to rising [CO 2 ], according to a Michaelis-Menten relationship, with a more rapid response by C 3 species. In the model, the nitrogen (N) concentration of plants declines in response to elevated [CO 2 ], again more rapidly for C 3 species, whilst the light-saturated rate of single leaf gross photosynthesis is proportional to the leaf N concentration. This allows for [CO 2 ] downregulation of photosynthesis, e.g. through reduced carboxylation capacity due to declining leaf N as evidenced by Ellsworth et al. (2004) . There is also a decline in stomatal conductance in response to elevated [CO 2 ] that has the potential to affect plant water relations. These responses mirror those shown in experimental systems with increased [CO 2 ] , Ainsworth & Long 2005 , and parameterisation of the model demonstrated that modelled responses to environmental stressors show good agreement with experimental results (Cullen et al. 2008a ). Pasture protein content was calculated within the model from plant N concentration for both live and standing dead tissue, assuming that protein and water soluble carbohydrate were fully digestible. Prescribed values for the digestibility of cell wall material in both live and dead tissue (Johnson et al. 2003) were then used to calculate overall digestibility of the pasture.
The ability of the model to simulate both current native (see 'Simulation design: native pasture') and sown pasture dynamics, together with its well founded mechanistic and empirical equations that mirror physiological responses to environmental stressors found under field experimental conditions, allows us to utilise the model for environmental change projections with the confidence that the individual relationships used in the model correspond to best current understanding appropriate to the scale of the question.
METHODS

Environmental change scenarios
Meteorological data from the Australian Bureau of Meteorology SILO database (www.bom.gov.au/silo) were sourced for 1961 to 2000, at position 42.75°S and 147.25°E, using the Data Drill method (Jeffrey et al. 2001) , thus providing our baseline climate data. The location allowed comparison with TasFACE (Hovenden et al. 2006) , an ongoing experiment in native at Pontville, Tasmania that has increased temperature and [CO 2 ] for 7 yr. Daily rainfall, vapour pressure, minimum and maximum relative humidity and temperature, and incoming radiation were downloaded. No trends were apparent, and as such, no scaling was required to make each year representative of 1990, the baseline year for climate scenarios. In effect, each year of data represented a 1990 climate.
Projected absolute changes in temperature, and percentage changes in rainfall for each month for 2030 and 2070, at position 42.75°S and 147.25°E, were sourced from OzClim (www.csiro.au/ozclim/home.do; Build Number 3.0.16), using the CSIRO Mk3 global circulation model with A1FI emission scenario (IPCC 2000) with associated high climate sensitivity, selected because emissions have thus far been at or above these projections (IPCC 2007) . Qualitative biomass patterns were similar for alternative climate futures due to different emission scenarios (Cullen et al. 2008a) . Changes were applied to the baseline temperature and rainfall data to provide climatic scenarios for 2030 and 2070 (Fig. 1) . Consistent with continental projections (CSIRO 2007) , southeast Tasmania is expected to show more marked warming by 2070 and changed seasonality in rainfall, although we predicted only a slight decrease in annual precipitation from 534 to 518 mm. Relative humidity was changed for 2030 and 2070 scenarios using the 50th percentile projections for Hobart (Table B8 in CSIRO 2007) . TasFACE recorded an average windspeed of 2.7 m s -1 (Hovenden et al. 2006 ), which we included in the daily climate data file; we did not impose any changes on windspeed in the future climates. Potential evapotranspiration was internally calculated by EcoMod for all scenarios, according to the Penman-Monteith relationship.
[ , cut biomass being returned as litter. Grasslands consisted of perennial C 3 and C 4 natives parameterised to represent Austrodanthonia caespitosa and Themeda triandra, respectively, the dominant species at TasFACE (Hovenden et al. 2008) . The grassland was assumed to be flat and 50 ha in size. Thus, we used 3 climate scenarios, 3 [CO 2 ], and 2 cutting scenarios (Cut, Uncut; Table 1 ).
Parameters and initial conditions for TasFACE were sourced from data and using expert knowledge (see Tables A1-A3 in Appendix 1 for details of pasture and soil parameters). The 1 m deep soil was characterised to represent the site as sandy-clay-loam at surface grading into clay by 20 cm depth. There were low levels of inorganic nutrients and organic matter. EcoMod ran for 40 yr of baseline climate data at 380 ppm [CO 2 ], either with or without cutting, allowing initial conditions to stabilise, as per previous rationales (Johnson et al. 2003) . We then ran each year of climate data separately from these 'new' soil nutrient initial conditions, giving us 40 separate annual simulations from the same stable initial conditions.
The ability of EcoMod to simulate observed native pasture dynamics at Pontville was further tested by simulating the grassland using daily climate data (minimum and maximum temperature and relative humidity, rainfall, solar radiation and windspeed; vapour pressure was prescribed from generic patterns related to the site's latitude) downloaded from the weather station at the experimental site from 1 January 2005 to 31 December 2009 (for further details on the climate station see Hovenden et al. 2006) . A cut was imposed on 15 March each year to a residual biomass of 1 t ha all times, barring a slight under-prediction compared to records in September 2007. These results suggest that the model adequately describes the pattern of growth and senescence with appropriate accuracy, as well as simulating the response of the pasture to rainfall events ( Fig. 2b) , particularly given our stated aim of exploring how generic systems could potentially respond to environmental change, as opposed to a precise description of Pontville itself (e.g. Zhou et al. 2008 ).
Sown pasture
The same set of simulations (Table 1 ) was applied to sown pasture that consisted of subterranean clover Trifolium subterraneum and perennial rye grass Lolium perenne. Sown pasture was irrigated and N fertilised to minimise soil resource limitation. Irrigation was added in response to soil water deficit throughout the year, such that, whenever deficit in the top 50 cm of soil exceeded 20 mm, water was added so that field capacity was reached. Water was canopy-applied between 09:00 h and midday, with at least 1 d between applications. N fertiliser was applied, as urea at 30 kg N ha -1 , when either (i) the soil test value became < 5 mg N kg -1 , or (ii) the GLF for N was ≤ 0.75.
Data recorded
Root, live and dead shoot, and stolon (where relevant) biomasses were recorded, together with ecosystem N properties (ammonium and nitrate in the top 10 cm of soil, and from 10 to 30 cm), and pasture digestibility and protein content. We recorded the GLF for temperature, water and nutrients in the native pasture, thus assessing relative strengths of growth limitations. We did not record GLFs in sown pastures since they should be limited by temperature given management, but did record irrigation and fertiliser amounts. EcoMod records on a daily basis, so yearly averages or totals, as appropriate, were calculated for each of the simulated variables.
Data analyses
Since variation was in the climate data, and not the simulated variables given that we used a deterministic model, a full factorial analysis of variance (ANOVA) or other statistical test was inappropriate. Instead, we presented our results in table form and assessed general patterns and whether changed [CO 2 ] exacerbated or countered trends due to changed climate. We assessed the sensitivity of our results to initial conditions of the pasture in terms of its percentage composition and absolute amount of biomass. Qualitative results were generally unchanged by varying the initial pasture species composition; further details on the simulation design for variation in initial species composition are provided in Tables A4 and A5 in Appendix 2. Results were robust to a cutting date change from March to October.
RESULTS
Biomass and composition
4.1.1. Native pasture Native perennial pasture biomass showed relatively minor effects with changes in climate, [CO 2 ] or both (absolute amounts in Table 2 ). Increased [CO 2 ] increased overall pasture biomass, particularly in the uncut scenario, due to a 14% increase in live C 3 biomass by 2070, whilst C 4 biomass remained relatively Table 2 ). These differences were due to the species-specific responses to [CO 2 ] included in the model parameterisation. Changed climate had negligible impacts upon total C 3 biomass, whereas total C 4 biomass increased markedly, by 33 and 44% in the uncut and cut scenarios by 2070 (results calculated from baseline figures in Table 2 ). Changed climate and increased [CO 2 ] acted additively, such that overall environmental change led to increased total pasture biomass with increased C 3 and C 4 biomass ( Table 2) . Changed climate outweighed the impact of changed [CO 2 ], such that the C 3 composition of the pasture decreased with overall environmental change (Table 2) , although cutting ameliorated the reduction in the proportion of C 3 biomass.
Sown pasture
Changed [CO 2 ] increased perennial rye grass biomass by 24 and 32% in uncut and cut pastures, respectively, by 2070 compared to the baseline, whilst subterranean clover biomass changed negligibly (Table 3) . Changed climate reduced perennial rye grass biomass slightly by 2030, which, however, declined substantially (60% in uncut, 53% in cut pastures) by 2070 (results calculated from baseline in Table 3 ). Conversely, biomass of subterranean clover increased in response to changed climate by 2070, doubling in cut pastures and increasing by 180% in uncut pastures (results calculated from baseline in Table 3 Table 3 . Sown pasture species biomass responses to environmental change. Other details as in Table 2 mass, but not to the extent of the responses induced by changed climate alone (Table 3) . Overall environmental change led to a reduction in the domination of the sward by perennial rye, with a decline in total community biomass compared to the baseline (Table 3) .
Ecosystem soil N responses and GLFs
Changes in the environment and management affected soil N properties in native and sown pastures ( ], whereas changed climate had the opposite effect (Table 4) . Changed climate dominated the signal such that overall environmental change led to increased inorganic N.
Nutrient levels were higher in cut pastures, whether native or sown, perhaps due to cutting allowing nutrient accumulation and preventing plant nutrient uptake. GLFs varied with environmental change and between species (Table 5) . N predominantly limited growth of C 3 species under all environments, whilst temperature was most limiting for C 4 species with baseline climate. N became limiting for C 4 species with the 2070 climate, and environment, as increased temperatures ameliorated the temperature limitation. Water tended to be the least limiting factor, although temperature barely limited C 3 growth.
Ecosystem and management implications
In native pastures, digestibility and protein content responded with small declines to changed [CO 2 ], changed climate and environmental change (Table 6 ). This mirrored the relatively minor effects of the stressors on biomass dynamics and reflected the lower digestibility of C 4 material given the biomass response to climate change, and the lower digestibility of C 3 material under conditions of increased [CO 2 ] due to the simulated dilution of N within the biomass. The 2070 environment in sown pasture led to only a 5% reduction in digestibility, which reflected changes in pasture composition, with subterranean clover compensating for the reduction in perennial rye grass. Protein content in the sward declined with changed [ (Table 6 ). Environmental alterations also led to changes in the amount of N and water applied to sown pastures. Plant demand for N increased with increased [CO 2 ] due to increased growth, and thus increased [CO 2 ] led to increased fertiliser application (Table 7) . Conversely, water use efficiency was increased under higher [CO 2 ] due to the decline in canopy conductance, and hence irrigation declined. In contrast, the large increase in inorganic N availability with climate change reduced the need for fertiliser application. Irrigation was also projected to decline, although negligibly by 2030, as physiological mechanisms prevented the growth of the sown pasture at higher temperatures. Again, impacts were additive, such that the decline in fertiliser use with changed climate was ameliorated at high [CO 2 ], whilst irrigation declined more with environmental change given that both changed [CO 2 ] and changed climate alone led to reductions in water application (Table 7) .
DISCUSSION
We aimed to show how generic pasture systems might respond to changes in climate and [CO 2 ] in southeastern Tasmania, including whether rising [CO 2 ] would exacerbate or counter the impacts of shifts in climate. The responses we simulated were generally consistent among cut and naturally senescing, native perennial and sown annual legume-perennial grass pastures, and the response to changed climate generally outweighed the response to changed [CO 2 ]. Our results also indicated that pasture quality and the need for irrigation and fertiliser are likely to change in the future. Overall these results have implications for future pasture use and the wider environment.
There were small responses of native pasture biomass to environmental stressors. This was due to the differential limitation of the C 3 and C 4 perennial grass Table 2 species (Table 5) under the different conditions. This meant that both species could only respond with limited increased growth to increased [CO 2 ], with C 3 species having a greater response, in line with experimental findings (Ainsworth & Long 2005) and our parameterisation of carbon fixation in the model. Changed climate increased the growth of C 4 species far more than that of C 3 grasses because of the mechanism within the model by which their response to temperature was regulated. Temperature constraints on C 4 perennial grass growth were thus reduced (Table 5) , and allowed C 4 perennial grasses to increase, as shown experimentally elsewhere (Wan et al. 2005 , Luo 2007 ). Our simulated change mirrors the current distribution of C 4 grasses, which show strong correlations with warmer summer temperatures in Australia (Hattersley 1983) as elsewhere (von Fischer et al. 2008) , and reflects the findings by Cullen et al. (2009) in simulating herbage accumulation over a wider area of Australia. An empirical modelling approach that related C 3 , C 4 and shrub abundance to climatic parameters also indicated that changed climate would lead to C 4 increase, although this was at the expense of C 3 grasses. However, such a change was not universal, with some native grass areas maintaining C 3 relative abundance (Epstein et al. 2002) . Neither changed climate nor changed [CO 2 ] markedly reduced the already limited growth of the C 3 and C 4 perennial species, and thus simultaneous environmental change led to a small increase in overall pasture biomass because of the positive impacts of changed [CO 2 ] and climate alone on C 3 and C 4 species, respectively. Other modelling studies have shown decreased net primary productivity in Themeda triandra grasslands with climate change, whilst [CO 2 ] was shown to offset these decreases (Coughenour & Chen 1997) . Our results confirm the importance of the relative degree of water and nutrient limitation in determining pasture responses (Riedo et al. 2001) , which may also partly explain mixed responses of field experiments to warming in general (Rustad et al. 2001 , Reich et al. 2006b , Luo 2007 . In contrast to the response in native pasture, changed climate and changed [CO 2 ] had opposite impacts on pasture biomass in sown pasture, which led to an overall decline in biomass with simultaneous change of climate and [CO 2 ]. The opposing influences of temperature and [CO 2 ] have also been revealed through the FvCB approach to modelling photosynthesis in tall grass prairie in the United States over long timescales (Zhou et al. 2008) , grasslands elsewhere (Coughenour & Chen 1997) , and at broader spatial scales (Levy et al. 2004) . The rectangular hyperbola model of photosynthesis used here has also shown opposing effects of climate and [CO 2 ] change in previous model simulations ( Thornley et al. 1991) . In our simulations, although [CO 2 ] increased perennial rye grass biomass, as shown experimentally elsewhere (Schneider et al. 2004 ), this could not compensate for the large reduction in growth engendered by changed climate due to temperatures that are beyond the physiological tolerance of perennial rye grass. The limited responsiveness of subterranean clover to [CO 2 ] meant that although it increased in response to changed climate, simultaneous environmental change decreased pasture biomass overall. The limited responsiveness of the legumes to raised [CO 2 ] may at first appear surprising given that some experiments and simulation models have shown positive responses to increased [CO 2 ] (Teyssonneyre et al. 2002 , Ross et al. 2004 , Lazzarotto et al. 2010 ). In our simulations, however, competition from perennial rye grass (Arnone 1999) , and prevention of N limitation to growth given the urea fertilisation within the sown pastures, prevented increased subterranean clover growth. In contrast, other simulation models run in sites with low amounts of soil N had increased clover growth given reduced competition from perennial rye grass with increased [CO 2 ] (Lazzarotto et al. 2010 ). In common with sown and native pasture field experiments (Schneider et al. 2004 , Reich et al. 2006a ), the [CO 2 ] fertilisation effect was more apparent at the higher levels of N supply found in the sown pasture compared to the nutrientdeficient native pasture.
The N balance of the pasture system was also influenced by changed [CO 2 ] and climate and their impacts upon plant growth. The idiosyncratic responses of individual inorganic N species to changed [CO 2 ] in native pastures were not surprising, given the low quantities involved and dynamic nature of the nutrient simulations. Increased biomass due to changed [CO 2 ] led to declines in N at baseline climate, as has been shown in other modelling studies using various approaches to the simulation of pasture growth (Thornley et al. 1991 , Cannell & Thornley 1998a , Shen et al. 2009 ). This is consistent with the first stage of the progressive nutrient limitation mechanism of Luo et al. (2004) , as demonstrated in some experimental ecosystems (Schneider et al. 2004 , Reich et al. 2006a ). Declines in mineral N were experimentally induced at TasFACE by increased [CO 2 ], but this occurred in the absence of biomass increases (Hovenden et al. 2008) . Hovenden et al. (2008) attributed the decrease to plant allocation shifting in response to [CO 2 ] that then affected microbial community composition and function, although the exact mechanism remains unknown.
Simultaneous change of [CO 2 ] and climate led to the simulation of increased mineral N pools across the different pastures, as did changed climate alone. Simultaneous increased temperature and [CO 2 ] at TasFACE showed the potential for warming to overturn declines in mineral N due to rising [CO 2 ] (Hovenden et al. 2008 ).
Experimental warming alone did not alter mineral N pools at TasFACE (Hovenden et al. 2008) , although more recent observations are revealing an increase in mineral N with warming alone (M. Hovenden unpublished data). Other warming experiments in sub-arctic heath have also shown the potential to increase mineral N pools despite biomass also increasing (Jonasson et al. 1999 , Rinnan et al. 2007 ). As well as being broadly in agreement with experimental studies, our model results have also been mirrored by previous simulation studies ( Thornley et al. 1991 , Schimel et al. 1994 , Shen et al. 2009 ). In our work, temperature limitation to plant growth, as shown by the GLF values for C 4 species in native pasture (Table 5 ) and the modelled prevention of perennial rye grass growth due to excessive temperatures, allowed further nutrient accumulation under changed climate scenarios. In cut simulations, increased N may also be aided by the return of litter to the surface that then allows increased transfer of N to the mineral pool with increased heterotrophic activity, in line with experimental observations of increased N mineralisation following warming (Rustad et al. 2001) . Further experimental work is required to elucidate the sensitivities of autotrophs and heterotrophs to environmental stressors and determine whether plant uptake is affected to a greater or lesser extent than processes that increase mineral N availability. This will further aid development of our, and other, ecosystem models, given that the results we simulated depended on our parameterisation of such processes (see also Luo 2007) .
Environmental stressors decreased pasture nutritional quality, in both sown and native pastures. In native pastures this was mostly due to the increased dominance of C 4 grasses, which are nutritionally inferior to C 3 grasses, even at elevated [CO 2 ], due to their lower protein content (Barbehenn et al. 2004 ). Rising [CO 2 ] has also been shown to lead to decreased protein and N contents of a variety of species across a range of temperatures (Zvereva & Kozlov 2006 , Taub et al. 2008 , further reducing pasture quality. Our simulated decline in sown pasture digestibility and protein (approximately 5%) was slightly less than the 10 to 15% protein decline found in crop plants (Taub et al. 2008) and the decline in digestibility in some experiments (Milchunas et al. 2005) . However, absolute values will depend on the specific pasture species that we simulated, and we are not aware of the existence of such knowledge. The limited response of protein to temperature change whilst it declined with [CO 2 ] agreed with a recent meta-analysis (Zvereva & Kozlov 2006) . Increased legume biomass, as we simulated in later climates, with or without changed [CO 2 ], has been shown to lead to increased pasture quality experimentally (Allard et al. 2003) ; the exact response will depend on the nutrient composition of the pasture species, their partitioning of biomass under environmental change, and change in their abundance .
Our simulations highlight the requirement for farmers to adapt to environmental stressors if they wish to maintain yields and forage quality (Karing et al. 1999 ). In particular, our results highlight the importance of breeding programs in selecting and distributing pasture genotypes most suited to projected future conditions. Our results may also have implications for ecosystems downstream of the pastures. Increased mineral N from climatic change poses a risk of greater leaching and surface runoff and thus eutrophication of watercourses (Carpenter et al. 1998) , particularly if rainfall events become more intense (CSIRO 2007) .
Notwithstanding uncertainties in projections of future climate change (Beaumont et al. 2008) , our results provide testable hypotheses for future experimentation and also show responses to environmental stressors consistent both internally and with the results of other workers . The compositional changes we have simulated may be modified by altered precipitation patterns (Pitman & Perkins 2008) as well as changes in rainfall quantity. However, other modelling studies have shown that changes in temporal rainfall distribution had little impact on biomass in comparison to changes in rainfall quantity (Cullen et al. 2008a ). Predictive confidence would also be improved by an exploration of parameter space for soil environments and pasture species, over a range of future climates and [CO 2 ] (e.g. Brassard & Singh 2007 , Challinor et al. 2009 ).
In common with experiments (Norby & Luo 2004) , the model was run with a step change in environmental parameters, and only for 1 yr at a time. This allowed a rigorous evaluation of responses to these step changes. However, the reality of future environmental change is that this will occur gradually, with some ecosystem effects taking time to become apparent, through compositional change or long-term dynamic responses in soil organic matter , Suding et al. 2008 , as opposed to the short-term physiological responses characterised well in our model parameterisations. Some authors have argued that general conclusions may not be altered when looking at gradual versus step changes (e.g. Thornley et al. 1991) , whereas more recent work has shown different responses when abrupt versus gradual changes are imposed (Shen et al. 2009 ). Examining dynamics for longer than 1 yr may also influence the results; for example, Schimel et al. (1996) showed opposite responses in net primary productivity when comparing first versus second year simulation results to environmental changes, and Thornley & Cannell (1997) showed that short-term responses could be different in sign or at least magnitude from long-term responses. Future simulations using longer time frames would therefore be a useful next step in furthering our understanding of how environmental change will likely impact pasture ecosystems and the processes operating in them.
CONCLUSION
Our simulations have shown that for native and sown pastures, projected climate change is likely to have far more of an impact than rising [CO 2 ] in determining the future biomass, composition and nutrient dynamics of these grasslands. C 4 species increased in biomass under changed climates in native perennial pastures, whereas C 3 species remained unaffected in native pastures whilst they underwent a large decline in sown pastures, responses due to temperature sensitivities in their growth and other limiting factors in the native pasture. Sown grass-legume pastures partially compensated for the grass species decline with increased legume biomass. Soil N declined in response to increased [CO 2 ] but increased in response to changed climate, a response that dominated the environmental change signal. Nutrient dynamics depended upon management practices and the prevention of plant nutrient uptake in future environments. Declines in forage quality across pasture types with environmental change can only be partially ameliorated by management practices. Farmers must pursue adaptation strategies for soil water and nutrient levels and pasture species composition, if they wish to maintain current stocking levels. The incorporation of longer-term feedbacks through compositional change and microbial dynamics may ameliorate or worsen our projected outcomes, the investigation of which should be a priority in further research. 
Appendix 2. Sensitivity of results to initial conditions
Given the design of our simulations, and that once the model had been spun up, we only examined 1 yr at a time, we also undertook an examination of how sensitive the results we report are to changes in the initial composition of the pasture. As our discussion further outlines, the generality of these results should be assessed against a broader range of soil types and background climates, and over longer timeframes.
Native pastures
Given time constraints, we examined responses of C 3 and C 4 biomass, and nitrate and ammonium, under 1990 and 2070 conditions. We graphically assessed whether responses in these variables were similar to the major responses reported in the main text. We started the experiment under conditions of high total sward biomass (10 t ha -1 ) or low total sward biomass (3 t ha -1 ), with either equal C 3 -C 4 mixtures, or a 10% versus 90% mix. Table A4 presents the full simulation design.
Sown pastures
As subterranean clover is an annual, the initial conditions parameter tab was changed such that subterranean clover had a longer or shorter growth period than originally simulated (Table A5) . We also maintained subterranean clover with the values used in the main text but altered the initial amount of perennial rye grass, and the percentage alive. In the default simulations, subterranean clover had an initial biomass that would immediately collapse given the starting point of the simulations and the growth characteristics of subterranean clover. We examined a simulation with no initial subterranean clover biomass; there were no obvious or biologically meaningful differences between the simulation with no initial biomass and with default initial biomass. Cut and uncut simulations were carried out under 1990 and 2070 conditions, with cutting applied on 15 March to a residual biomass of 0.5 t ha 
